Silymarin is a collection of compounds extracted from the medicinal herb milk thistle, among which silybin is the major flavonolignan. However, the biosynthesis pathway of silybin remains unclear. In this study, biomimetic reactions demonstrated that silybin can be synthesized from coniferyl alcohol and taxifolin by the action of peroxidase. The concentration profiles of silybin and its precursors and RNA-Seq analysis of gene expression revealed that the amount of taxifolin and the activity of peroxidase serve as the limiting factors in silybin biosynthesis. Hierarchical clustering of the expression profile of genes of the flavonoid biosynthesis pathway distinguished flowers from other organs. RNA-Seq revealed five candidates for the peroxidase involved in silybin production, among which APX1 (ascorbate peroxidase 1) showed a distinct peroxidase activity and the capacity to synthesize silybin. The spatial organization of silybin biosynthesis in milk thistle was elucidated, which could help our understanding of the biosynthesis of silybin and other flavonolignans.
INTRODUCTION
Flavonolignans are a subgroup of flavonoids that have an additional monolignol adduct (Chambers et al., 2015) . This feature gives them more complicated molecular structures and biosynthetic pathways. Flavonolignans can be found in various plant families, including the Achariaceae, Pinaceae, Caprifoliaceae, Simaroubaceae, Berberidaceae, Scrophulariaceae, and the Fabaceae (Pelter and H€ ansel, 1968; Lai and Karchesy, 1989; Chambers et al., 2015) . Flavonolignans are important plant secondary metabolites that show bioactivities not only within the plant, but also towards humans (Kessler and Baldwin, 2002; Chambers et al., 2015) . A recent study has also demonstrated that 2,3-dehydro derivatives are much more easily oxidized than the corresponding flavonolignans (Pyszkova et al., 2016) . In a number of countries, plants with flavonolignans as the bioactive components are used as herbal medicines. Despite a considerable number of reports on the chemistry and pharmacological activities of flavonolignans (Marhol et al., 2015) , few studies have been performed involving the in planta synthesis pathway of this group of phytochemicals (Sanjari et al., 2015; Torres and Corchete, 2016) and the genes concerned, making it difficult to understand flavonolignan synthesis and regulatory mechanisms (Biedermann et al., 2014) .
Milk thistle (Silybum marianum Linn. Gaertn), a member of the Asteraceae, has long been used as a medicinal herb for the treatment of liver disorders (Abenavoli et al., 2010) . Silymarin is the bioactive mixture extracted from the fruits (cypsela) of milk thistle ( Sim anek et al., 2000) . Silymarin is composed of taxifolin and at least seven flavonolignans, such as silybin A, silybin B, isosilybin A, isosilybin B, silychristin, isosilychristin and silydianin (Biedermann et al., 2014) . Natural silybin is a mixture of silybin A and silybin B, and isosilybin is a mixture of isosilybin A and isosilybin B (Biedermann et al., 2014) (Figure S1 ), and makes up 55-65% of silymarin (Abenavoli et al., 2010) . Modern pharmacological research has shown that silybin exerts hepatoprotective (Polyak et al., 2010) , anti-inflammatory (Choi et al., 2012) , anti-fibrotic (El-Lakkany et al., 2012) , anti-cancer (Cheung et al., 2010) , and anti-microbial properties (Lee et al., 2003) . Among these functions, the hepatoprotective effect is the most important one, and makes the global market for extract of milk thistle one of the largest for any flavonoid (Subramaniam et al., 2008; Chambers et al., 2017) .
Silybin and its congeners are grouped into the flavonolignans, and are composed of a taxifolin (flavonoid) moiety and a coniferyl alcohol (lignan) part (Chambers et al., 2015) . In angiosperm dicots, the main building blocks of lignins are coniferyl alcohol and sinapyl alcohol (Vanholme et al., 2010) . Lignins endow plant tissues with essential firmness (Zhao, 2016) . Flavonoids are important secondary metabolites that play important roles in defence against insects, pathogens, herbivores, ultraviolet light and other potential environmental challenges (Kessler and Baldwin, 2002; Makoi et al., 2010) . Flavonoids also play important roles in attracting insects for the purpose of pollination (Schluter and Schiestl, 2008) . Seeds of angiosperms accumulate colourful flavonoid pigments in the endothelium, which is the innermost layer of the inner integument (Johnson et al., 2002) . These flavonoids are responsible for protecting the seed against diverse biotic and abiotic stresses (Choi et al., 2009) , as well as contributing to seed dormancy (Debeaujon et al., 2000) . Mechanistic studies of in vitro silybin synthesis demonstrated that silybin is produced by oxidative coupling of coniferyl alcohol and taxifolin (Merlini et al., 1979; Althagafy et al., 2013) . As a result, it can be proposed that natural silybin is synthesized through a similar process in planta.
Although silybin was the first-described, and the moststudied flavonolignan (Pelter and H€ ansel, 1968; Sim anek et al., 2000) , only one full-length and four partial cDNA fragments from milk thistle have been cloned to date (Sanjari et al., 2015; Torres and Corchete, 2016) . As the genetic information on S. marianum is limited, it is difficult to elucidate the biosynthetic and regulatory mechanisms of silybin biosynthesis. The present study has identified the complete silybin biosynthesis pathway, and the spatial organization of the whole process. Transcriptomic information from this member of the Asteraceae could also help us to better understand the genetic background of this important plant family.
RESULTS

Spatial distribution of silybin and potential precursors in milk thistle
Fresh milk thistle organs and tissues (Figure 1 (a-e)) were collected as described in Experimental Procedure, and used to determine the content of silybin and its potential (a) (b1) (b2)
(e3) (e1) Figure 1 . Materials collected for different analysis purposes in this study.
(a-e) Transverse sections through milk thistle flower head (1) and dissected disc flowers (2) at different stages: (a) flower bud; (b) 2 days before flowering; (c) at flowering; (d) 5 days after flowering; and (e) 10 days after flowering. For silybin and precursor concentration determination, RNA-Seq, and protein extract, samples of root, stem, and leaf were as (a), sample of flower was as (c), while samples of seed coat and embryo were as (e).
precursors, coniferyl alcohol and taxifolin. The results showed that the concentration of taxifolin and silybin in milk thistle is organ dependent, while coniferyl alcohol is distributed throughout the plant (Table 1) (Torres and Corchete, 2016) , while taxifolin serves as an indispensable key factor in silybin biosynthesis.
Spatial transcriptional analysis of milk thistle
Because the accumulation of silybin had been demonstrated to be organ dependent, RNA sequencing (RNASeq) was performed to reveal the expression profiles of genes involved in silybin biosynthesis in different organs. For each sample, at least 80 M raw reads were generated, and the Q20 (reads with quality value larger than 20) percentage were higher than 90%. After trimming, at least 74 M clean reads were generated for each sample (Table S1 ). The de novo assembly yielded 95 219 Unigenes [N 50 (50% of the assembly have lengths equal to or greater than N 50 ) = 1365 bp] (Table S2) , of which 46 848 Unigenes could be annotated. The Unigene expression levels were analysed and normalized to reads per kilobase transcript per million mapped reads (RPKM). Gene ontology (GO) has three categories: molecular function, cellular component and biological process. GO functional classification showed that the number of annotated sequences in the 'flavonoid metabolic process' term (level 4 in 'biological process') was 905, which represented 1.93% of the total annotated Unigenes (Table S3 ). Hierarchical clustering of the expression profiles of the Unigenes in this GO term clearly distinguished flowers from other organs and tissues ( Figure S2 ) (Wang et al., 2014) . The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotation identified 293 pathways. Flavonoid ( Figure S3 ) and phenylpropanoid (Figure S4 ) biosynthesis pathways were mapped out. The ubiquitous plant flavonoid and phenylpropanoid biosynthesis pathways produced various sophisticatedly decorated flavonoids and three main monolignols from a relatively small set of substrates, enzymes and regulatory elements (Berardi et al., 2016) .
The results showed that the synthesis pathways of taxifolin and coniferyl alcohol share a common element, from phenylalanine to p-coumaroyl-CoA, which subsequently branches to achieve taxifolin and coniferyl alcohol biosynthesis. Taxifolin could be synthesized by two pathways, the naringenin pathway and the caffeoyl-CoA pathway. The gene expression profiles demonstrated that the former is the main taxifolin synthesis pathway in the flower (Figure S3 ), while the latter was used for coniferyl alcohol synthesis in the seed coat and other organs ( Figure S4 ).
Hierarchical clustering of the expression profile of genes of the flavonoid biosynthesis pathway distinguished the flower from other organs and tissues (Figure 2(a) ), while clustering of the expression profile of genes of the phenylpropanoid biosynthesis pathway distinguished the stem from other organs and tissues (Figure 2(b) ). The expression of genes involved in the taxifolin biosynthesis pathway in the flower was generally upregulated, while the expression of these genes in the seed coat was mostly downregulated [as indicated in the box of Figure 2 (Table 1) .
Silybin synthesis by peroxidases
Either peroxidases or laccases could oxidize monolignols (such as coniferyl alcohol, coumaryl alcohol and sinapyl alcohol) into the corresponding radicals, which subsequently polymerize into lignins (Vanholme et al., 2010) . A mechanistic study of the biomimetic synthesis of silybin demonstrated that the silybin synthesis process also involves the oxidative radicalization of coniferyl alcohol (Althagafy et al., 2013) . Horseradish peroxidase (HRP) and laccase were used in the biomimetic synthesis to determine the role of peroxidase and/or laccase in silybin synthesis. Silybin A, silybin B, isosilybin A, and isosilybin B Taxifolin and silybin were detected in the embryo, but the contents were too low to be quantified. ND, Not detected.
were detected in the reactions catalyzed by HRP or laccase ( Figure S5 (a-d)). No silybin could be detected when any one of HRP, H 2 O 2 or laccase was absent. These results demonstrated that both peroxidase and laccase can catalyze silybin synthesis. Moreover, this reaction cannot be initiated spontaneously without either enzyme or electron acceptor. Total proteins were extracted from different organs and tissues to determine whether the peroxidase/ laccase from milk thistle could catalyze silybin synthesis. Assays of peroxidase/laccase activity and the capacity to synthesize silybin by these extracts demonstrated that the protein extracts differed in peroxidase/laccase activities and silybin synthesis capabilities. Moreover, the peroxidase/laccase activities correlated positively with the silybin synthesis capabilities (Figure 3(a) ). According to the taxifolin and silybin concentration and gene expression profiles, only the peroxidases/laccases in the seed coat and embryo have the potential to participate in the silybin biosynthesis process. Active proteins from the developing seed (Figure 1 (e)) were used in the subsequent investigations. In order to determine whether peroxidases or laccases, or both of them, were involved in silybin biosynthesis, H 2 O 2 was eliminated from the biomimetic system by the use of catalase (Sheikhi et al., 2012) . The results showed that no silybin could be detected, which ruled out the involvement of laccase in silybin biosynthesis, indicating that only peroxidases were involved in the in planta biosynthesis of silybin.
For silybin to be synthesized in the seed coat and embryo, both peroxidase and H 2 O 2 must be present in these organs. The H 2 O 2 assay showed that H 2 O 2 was distributed throughout the plant (Figure 3(b) ). Active proteins from the seed coat and embryo were separated by native polyacrylamide gel electrophoresis (PAGE), which was subsequently stained using guaiacol in the presence of H 2 O 2 . A major band demonstrated the existence of an active peroxidase in the seed coat, while the corresponding band in the embryo extract stained very lightly (Figure 3(c) ). The stained bands were cut out from the gel and used in biomimetic synthesis, with an unstained slice from the same lane as the negative control. Silybin was detected in the reactions catalyzed by stained slices but not in the unstained one. This indicated that peroxidase was the 'active factor' in the protein extract for catalyzing silybin biosynthesis. A very low level of silybin (insufficient to quantify) was detected in the reaction by the stained band from the embryo. These results demonstrate that silybin is predominantly synthesized in the developing seed coat with the activity of peroxidase.
In planta silybin biosynthesis
The pathway mapping described the complete taxifolin and coniferyl alcohol biosynthesis pathways (Figures S3 and S4) . Consequently, the oxidative coupling of coniferyl alcohol and taxifolin serves as the last but key node in silybin biosynthesis. Under normal conditions, flavonoids are synthesized by multi-enzyme complexes located on the cytosolic surface of the endoplasmic reticulum (ER), and stored in the vacuole (Lepiniec et al., 2006) . This situation suggests that the peroxidases involved in silybin biosynthesis should be located in the cytoplasm or on the ER membrane. Non-animal peroxidases from the PeroxiBase database were downloaded and used to compare against the Unigenes from the seed coat and embryo (Fawal et al., 2013) . The selected Unigenes were used for gene prediction with AUGUSTUS software (Hoff and Stanke, 2013) . The translated proteins were used for further analysis. After analysis of function (BLAST against PeroxiBase) (Altschul et al., 1990) , expression level (RPKM ≥ 10 in seed coat), and subcellular localization (intracellularly located) (Horton et al., 2007) , five unambiguous complete Silybum peroxidases were identified as candidates for involvement in silybin biosynthesis (Table S4) . Four of the candidate genes could be successfully expressed in Escherichia coli BL21 (DE3) after codon optimization ( Figure S6(a) ), among which only Ctg.3899:g6.t1 showed clear peroxidase activity ( Figure S6(b) ). The purified Ctg.3899:g6.t1 showed activity in biomimetic silybin synthesis (Figure 4(a-c) ). Check against PeroxiBase showed that Ctg.3899:g6.t1 agreed most closely with the Lactuca sativa ascorbate peroxidase (LsaAPx02, identity = 95%, E-value = 0, accessed 18 February 2016) (Table S4) . Comparison with the L-ascorbate peroxidase conserved domain, it was found that Ctg.3899:g6.t1 contains the amino acids important for catalysis and protein structure that are strictly conserved among ascorbate peroxidases ( Figure S7(a) ; Lazzarotto et al., 2015) . As a consequence, Ctg.3899:g6.t1 was determined to be an ascorbate peroxidase, and recommended to term as APX1 by the Arabidopsis Information Resource. Both the transmembrane helix predictor TMHMM Server v.2.0 and the transmembrane domain predictor SVMtm showed that APX1 possesses a C-terminal transmembrane helix ( Figure S7(b  and c) ). The N-terminal region, within which all the active and structurally important sites were found, is located outside the membrane. These results suggested that APX1 is anchored on the internal membrane, where the flavonoids are synthesized.
DISCUSSION
As a medicinally important plant natural product, silybin had already been studied at the levels of chemistry, analysis, bioactivity and formulation (Abenavoli et al., 2010; Biedermann et al., 2014) , while several in vitro biomimetic studies had already been reported (Merlini et al., 1979; Althagafy et al., 2013) . However, knowledge of the genetic basis of silybin biosynthesis is still limited, and this situation hinders the understanding of in planta silybin biosynthesis (Torres and Corchete, 2016) . Milk thistle cell cultures have been developed previously (Cacho et al., 2013; AbouZid, 2014) , but poor characterization of the biosynthesis pathway has been the main barrier to metabolic engineering of silybin biosynthesis (Torres and Corchete, 2016) . The present study determined that silybin is synthesized from taxifolin and coniferyl alcohol, and that the last step is catalyzed by an ascorbate peroxidase, APX1. Taxifolin and coniferyl alcohol are synthesized through the typical flavonoid and monolignol pathways, respectively. The complete in planta spatial organization of silybin biosynthesis process has also been determined.
Coniferyl alcohol is one of the main monolignols of angiosperm dicots (Vanholme et al., 2010) , and is distributed throughout the milk thistle plant (Table 1) . Coniferyl alcohol distribution correlates with its corresponding gene expression profiles [indicated in the box of Figure 2(b) ]. The typical monolignol biosynthesis pathway was mapped out in the seed coat ( Figure S4 ) (Lin et al., 2003) . According to the Unigene expression profile, coniferyl alcohol is synthesized though the p-coumaroyl-CoA (Boerjan et al., 2003; Vanholme et al., 2010) . Coniferyl alcohol could be translocated to the middle lamella and/or secondary cell wall, where it could be polymerized into lignin by a secretory peroxidase (Lee et al., 2013) . Coniferyl alcohol could also be used for the synthesis of silybin by APX1, which is located on the internal cell membrane of the seed coat. The association of silybin biosynthesis and accumulation with seed coat lignification has been reported in previous studies (Bela, 2007; Torres and Corchete, 2016) .
Taxifolin accumulates predominantly in the seed coat and flower. The content of taxifolin in the seed coat is almost four times higher than that in the flower (Table 1) . However, this result runs counter to the findings from gene expression profiles involved in taxifolin biosynthesis [indicated in the box of Figure 2(a) , in which the corresponding genes are generally upregulated in the flower, but not in the seed coat. A reasonable explanation is that taxifolin is translocated from flower to seed coat. Previous work observed the inter-organ long-distance symplastic transportation of taxifolin in other plants (Buer et al., 2007; Petrussa et al., 2013) . The covering of the seed coat by bracts could lead to the low transcription level of these genes observed in the seed coat, because the transcription of genes involved in taxifolin biosynthesis is light dependent (Sun et al., 2015) .
Pathway mapping analysis indicated that taxifolin is synthesized though the typical flavonoid biosynthesis pathway in the flower ( Figure S3 ; Petrussa et al., 2013) . The results also demonstrated that the taxifolin biosynthesis pathway shares a common element with coniferyl alcohol biosynthesis, from phenylalanine to p-coumaroyl-CoA (Torres and Corchete, 2016) . Enzymes of the typical flavonoid biosynthesis pathway include phenylalanine ammonialyase (PAL), 4-coumarate-CoA ligase (4CL), cinnamate 4-hydroxylase (C4H), chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), and flavonoid 3 0 -monooxygenase (F3 0 H) (Falcone Ferreyra et al., 2012) . In the flower, the overexpression of dihydrokaempferol 4-reductase (DFR, EC: 1.1.1.219) and leucocyanidin oxygenase (LDOX, EC: 1.14.11.19) led to the production of cyanidin from taxifolin. Cyanidin is one of the most common plant pigments, and is responsible for the reddish-purple pigmentation of the milk thistle flower (Figures 1(c) and S3) (Yuan et al., 2016) .
The branched pathways merge at the point of silybin production by APX1 ( Figure 5 ). APX1 oxidizes coniferyl alcohol, converting it into the radical (resonance form c in Figure S1 ), which then couples with equimolar taxifolin to form silybin (Althagafy et al., 2013) . Ascorbate peroxidases are commonly considered to be detoxifiers that eliminate peroxides, such as hydrogen peroxide, using ascorbate as the electron donor (Raven, 2000) . Our results show that the Silybum APX1 also plays a role in plant secondary metabolite biosynthesis. This finding indicates that the physiological function of ascorbate peroxidase is broader than previously thought. The strictly conserved proline residue [shown in yellow in Figure S7(a) ] is responsible for aromatic molecule binding, while arginine 38 [shown as blue and red asterisks in Figure S7(a) ] is an essential residue for the interaction of ascorbate peroxidase with flavonoids (Tatoli et al., 2009; Nokthai et al., 2010) .
The absence of silybin from the flower indicated that silybin biosynthesis probably does not occur in this organ. As a result, the only reasonable explanation is that taxifolin is synthesized in the flower and transported to the seed coat, where it couples with equimolar amounts of radicalized coniferyl alcohol, resulting in silybin synthesis and accumulation. At the same time, very little silybin is synthesized in the embryo. Many plants accumulate some flavonoids predominantly in the seed coat or the skin of the fruit (Johnson et al., 2002; Duenas et al., 2003; Lepiniec et al., 2006; Attree et al., 2015) . However, the mechanism underlying this spatial biosynthesis of flavonoid is, as yet, unresolved. The process by which the spatial organization of silybin biosynthesis, and accumulation proposed here, occurs is summarized in Figure 5 . The results of this study can serve as a reference to other flavonolignans because of their essentially similar structures (Chambers et al., 2015) .
EXPERIMENTAL PROCEDURES Materials
Silybin A, silybin B, isosilybin A, and isosilybin B standards were gifts from Nicholas H. Oberlies (Althagafy et al., 2013) . Other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). Milk thistle (Silybum marianum Linn. Gaertn) was grown under outdoor conditions on the campus of Jiangnan University (31.5°N, 120.3°E). Samples of root, stem, leaf, and flower were collected from flowering plants; samples of seed coat and embryo were collected from plants 10 days after flowering began. All samples were collected separately from three independent plants, and used for silybin and potential precursor analysis, protein extraction, and RNA-Seq analysis, respectively.
Determination of silybin, taxifolin and coniferyl alcohol concentrations
Fresh samples of root, stem, leaf, flower, seed coat, and embryo were collected as described, and divided into two portions. One portion was used for extraction with methanol, the other portion was weighed (fresh weight), dried at 85°C for 2 days and weighed again (dry weight). The concentrations of silybin, taxifolin and m de refers to the dry weight of the sample for extraction; m fe refers to the fresh weight of the sample for extraction; m ddw refers to the dry weight of the sample for drying and weighing; m fdw refers to the fresh weight of the sample for drying and weighing. The extract from each sample was analysed with a Shimadzu LCMS-IT-TOF (Shimadzu, Kyoto, Japan). For silybin and taxifolin analysis, mobile phase A was water containing 0.1% (v/v) formic acid, while mobile phase B was methanol. The elution gradient was as follows (B%): 0 min, 30%; 30 min, 55%; 35 min, 55%; 40 min, 30%. The flow rate was 0.2 mL min
À1
. A UV-detector (288 nm) was used to detect silybin and taxifolin. For coniferyl alcohol analysis, mobile phase A was water containing 0.5% (v/v) triethylamine, while mobile phase B was methanol. The elution gradient was as follows (B%): 0 min, 15%; 20 min, 25%; 23 min, 25%; 26 min, 15%. Flow rate was 0.2 mL min
. A UV-detector (262 nm) was used to detect coniferyl alcohol. A Shimadzu VP-ODS, with 250 mm L 9 2.0 mm i.d. column, was used. Oven temperature was set at 40°C (Shibano et al., 2007) .
The negative electrospray ionization (ESI) mode was used. The conditions were as follows: high voltage probe À3.5 kV; nebulizing gas flow 1.5 L min À1 ; curved desolvation line (CDL) temperature 200°C; heat block temperature 200°C; drying gas pressure 200 kPa. Argon gas was used for collision-induced dissociation (CID). Detector voltage of time-of-flight (TOF) was 1.6 kV. m/z 100-700 [M-H] -was collected for analysis. Gathering time was 10.00 msec. For MS/MS analysis at negative mode, the MS/MS [EÀ] precursors were set as 481.1140 m/z (silybin), 303.0510 m/z (taxifolin) and 179.0714 m/z (coniferyl alcohol).
Protein extraction and peroxidase assay
Fresh samples were collected as described previously and used to extract proteins with the FastPrep-24 sample preparation system (MP Biomedicals, Santa Ana, CA, USA). The tubes were chilled on ice for 4 min after shaking for 1 min. Proteins were extracted with a one-step plant active protein extraction kit (Sangon Biotech, Shanghai, China) according to the manufactory's protocol. Protein concentrations were determined using a BCA protein assay kit (Beyotime Biotechnology, Shanghai, China) according to the manufacturer's protocol. Native PAGE (4-16% Bis-Tris gels) was run at 150 V at room temperature using anode buffer and light blue cathode buffer. Preparation of the buffers and other detailed manipulations were performed according to the manufacturer's protocol (Novex, Carlsbad, CA, USA). Active staining for peroxidase was achieved using the guaiacol (2-methoxyphenol) assay with moderate modifications (Naeaetsaari et al., 2014) . Peroxidase activity was expressed as the increase of absorbance at 470 nm per min per microgram protein (DA 470 min À1 lg À1 ).
Biomimetic silybin synthetic reaction
Biomimetic reactions were carried out in 50 mM potassium phosphate buffer, pH 7.0. Final concentrations of 27.75 lM coniferyl alcohol and taxifolin were used as substrates. The catalyst was 2.5 U mL À1 HRP or laccase, active protein extract, purified APX1, or a native PAGE slice. A final concentration of 27.75 lM H 2 O 2 was added to all reactions except the one with laccase. The reactions were carried out in 1.5-mL brown centrifuge tubes at 25°C. One unit of the active plant protein extracts or recombinant APX1 in silybin synthesis was defined as the concentration of silybin yield per gram protein per minute (U, g L À1 g À1 min À1 ). Samples were analysed by LCMS-IT-TOF as described previously.
RNA-Seq, de novo assembly and data analysis
Standard processes of total RNA extraction, mRNA isolation, library preparation, and validation were carried out according to the manufacturer's protocols (Illumina, San Diego, CA, USA). The cDNA library was sequenced on the Illumina HiSeq 2500 sequencing platform, using paired end 2 9 100 run type.
The raw reads were cleaned by removing adaptor sequences, empty reads, low-quality sequences, and ribosomal RNA (rRNA). rRNA was removed using the Asterales rRNA as template (Huang et al., 2012) . Clean reads from different samples were pooled, and assembled into final Unigenes sequentially using the scaffolding contig algorithm from the CLC Genomics Workbench (Qiagen Bioinformatics, Aarhus, Denmark) (Garg et al., 2011) and CAP3 Assembly Program (Huang and Madan, 1999) . The final Unigenes were used for BLASTX searches and annotation against the non-redundant protein sequences (Nr database, date: 2014.03) and Swiss Institute of Bioinformatics databases (Swiss-Prot), respectively. The E-value cut-off was set at 0.00001 (E-value ≤ 0.00001). The reads were used to map against the final Unigenes, and the gene expression level was calculated by using the RPKM method (Mortazavi et al., 2008) . The final Unigenes were aligned by BLASTX to the Gene Ontology database (GO.db) with an E-value cut-off of 0.00001, and the five best hits were used for GO annotation.
Pathway mapping was performed using the KEGG (Kyoto Encyclopedia of Genes and Genomics) KAAS online Pathway Analysis Tool. Hierarchical clustering was conducted using the MultiExperiment Viewer v4.0 (MeV) based on Euclidean correlation distance between the organs, according to the RPKM of Unigenes (Wang et al., 2014) . Unigenes of flavonoid biosynthesis (ko00941) and phenylpropanoid biosynthesis (ko00940) pathways were manually rechecked. Gene prediction was performed with AUGUSTUS (Hoff and Stanke, 2013) (http://bioinf.uni-greifswald.de/AUGUSTUS), and then aligned to the corresponding conserved domains on the Nr database (Marchler-Bauer et al., 2015) . The proteins with complete conserved domains and clear definitions were used for pathway mapping, expression analysis and hierarchical clustering.
To discover peroxidase genes, non-animal peroxidase (8659 peroxidases in total) were downloaded from the PeroxiBase database (http://peroxibase.toulouse.inra.fr, accessed 13 September 2015) (Fawal et al., 2013) , and used to compare against the final Unigenes. The E-value cut-off was 0.00001. AUGUSTUS was used for gene prediction from Unigenes (RPKM ≥ 10 in the seed coat) (Hoff and Stanke, 2013) . The resulting genes were rechecked by aligning to the non-animal peroxidase database and corresponding conserved domains. WoLF PSORT (https://wolfpsort.hgc.jp/) was used to predict the subcellular localization of proteins (Horton et al., 2007) . The intracellularly located proteins with complete conserved domains were identified as the peroxidase candidates for silybin biosynthesis. The conserved domain of APX1 was analysed by aligning to the ascorbate peroxidase conserved domain. The five most diverse members in the conserved domain were downloaded and used for the alignment. Predictions of transmembrane helices and domains were analysed by TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/) (Krogh et al., 2001) and SVMtm (http://genet.imb.uq.edu.au/predictors/SVMtm) (Yuan et al., 2004) , respectively.
Recombinant protein expression, purification, and activity assay
The peroxidase candidate genes were codon optimized, synthesized (GenScript, Nanjing, China) and expressed with plasmid pET28a(+) in Escherichia coli BL21 (DE3). Blank pET-28a(+) was used as the negative control. Kanamycin was used for plasmid maintenance. A final concentration of 500 lM isopropyl b-D-1-thiogalactopyranoside (IPTG) was used for the induction of protein expression. The cells were homogenized by sonication at 0°C, and the supernatant was used for western blotting, peroxidase assay and protein concentration determination. Anti His-tag mouse monoclonal antibody and goat anti-mouse IgG (H+L, HRP conjugated) were used to blot against the total soluble protein. Peroxidase activity was determined using the ABTS [2,2 0 -azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid)] assay with moderate modification (Morawski et al., 2000) . Protein concentration was determined using BCA protein assay kit (Beyotime Biotechnology, Shanghai, China). The reaction kinetics was determined by plotting A 405 Conc.
À1
. against reaction time. 'A 405 Conc.
À10 refers to dividing A 405 by protein concentration. APX1 was purified by sequential use of HisTrap FF and HiLoad 16/600 Superdex 200 pg columns. All the chromatographic steps were carried out on the € AKTA Protein Purification System, following the standard chromatographic steps described in the manufacturer's instructions (GE HealthCare, Uppsala, Sweden). The purity of protein was determined by SDS-PAGE and Coomassie Brilliant Blue staining.
Sequence data from this article can be found in the GenBank data libraries under accession number(s): RNA-Seq data sets: SRP065360; Unigene sequence of Silybum APX1: KU747079; Lascorbate peroxidase conserved domain: PLN02608.
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